Ketamine, when used as a mono-anaesthetic, does not appear to induce surgical anaesthesia in the pig. The addition of other drugs such as opioids, benzodiazepines and cxradrenergic agonists deepens anaesthesia and enables major surgery to be performed. A decision-tree for the rational use of ketamine for both short and long-term anaesthesia in the pig under three different levels of procedure severity is presented.
The pig is increasingly used as an animal model for research projects in which surgical anaesthesia is often required, either to allow humane surgery, or to provide restraint during non-painful interventions. A survey of the recent literature revealed that of 2894 articles indexed on Medline in the period 1983-March 1995, which involved surgical procedures in pigs, 409 used ketamine, alone or in combination as the method of anaesthesia. Closer inspection of some of these publications indicated considerable variation in the use of ketamine, and in the type and severity of the procedures which were undertaken using ketamine as a monoanaesthetic. There is also considerable anecdotal evidence that ketamine is commonly used in procedures on experimental animals that are planned by human anaesthetists.
There are concerns that ketamine alone does not provide adequate analgesia in the pig, and it is also used with a wide variety of Accepted 16 January 1996 other agents. This paper summarizes the finding of a consensus meeting on ketamine anaesthesia in the pig. The meeting was held in conjunction with the Scandinavian Federation for Laboratory Animal Science 1994 symposium, and attempted to provide clear guidelines on this subject. The Appendix lists the participants and their background and qualifications. Participants were selected to provide a wide range of expertise in both human and veterinary clinical and experimental anaesthesia (see Appendix). The participants recognize that there are many different anaesthetic regimens suitable for use in swine, and these should be considered when planning a surgical procedure. Nevertheless, given the widespread use of ketamine, it was thought helpful to restrict discussion to regimens based on this compound, so that detailed practical advice could be provided.
Pharmacology of ketamine
Ketamine (2-(0-chlorophenyl)-2-lmethylamino)cyclohexanonel is composed to two stereoisomers. The S(+)-isomerpossesses the major pharmacological and anaesthetic characteristic of racemic-ketamine. However, the S(+)-iosomer causes less spontaneous movement and fewer psychotic emergence reactions i.e. disorientation, excitement and delirium than either racemic-ketamine or the R(-)-isomer.
Since its initial use in man in 1965 (Domino et al. 1965) , ketamine has become one of the most popular and widely used components of anaesthetic regimens in veterinary patients. Ketamine is seldom used as a mono-anaesthetic. It is either combined with or preceded by a sedative (e.g. barbiturate), analgesic (e.g. opioid-fentanyl), tranquillizer (e.g. diazepam, acetylpromazinel or c£2-adrenoceptor agonist (e.g. xylazine, detomidine, medetomidinel. The term 'Dissociative Anaesthesia' was coined by Corssen and Domino to describe the effects of ketamine in man (Corssen & Domino 1966) . This form of anaesthesia is often described as a cataleptoid state with intense analgesia, hypertonus and amnesia. Although purposeful skeletal movements occur in people, they appear to be unrelated to surgical stimulation. In humans, emergence reactions are a well-recognized complication of ketamine anaesthesia. The incidence of delirium and hallucinations can be decreased by avoidance of verbal or tactile stimulation during recovery, or more specifically by the administration of benzodiazepines, butyrophenones or other drugs (Aitkenhead & Smith 19901 . The occurrence of analogous reactions in animals is uncertain, but clinical observations show that they occur (see below).
The site of ketamine-induced anaesthesia has not been clearly delineated. However, it appears to interfere with transfer of nociceptive stimuli between the thalamocortical and limbic systems (Reich & Silvay 1989) . On the other hand, there is strong speculation that ketamine may act on specific opioid receptor subgroups responsive·to the excitatory amine, N-methyl-D-aspartate (NMDA). Ketamine's action on these receptors was once thought to block spinalnociceptive reflexes (Yamamura et al. 1990 ). The degree of analgesia, although described as intense in people, appears to vary among anatomic regions of the body and among animal species (e.g. visceral analgesia appears to be poor in most animal species, while peripheral analgesia is strong in cats but poor in swine, (Short 1987) ). Early clinical trials revealed that even minor surgery in swine could not be performed without eliciting purposeful movement unless ketamine was supplemented with a strong sedative and/or analgesic (Thurmon et al. 19721 .
Survey of the use of ketamine in pigs
A questionnaire was circulated to provide an indication of current opinion and use of ketamine in pigs used at research institutions. The survey was conducted via an internet electronic mailing list (Comparative Medicine Discussion list, COMPMED, e-mail address: compmed@WUmd.wust1.edul. At that time the list consisted of 640 laboratory animal veterinarians, technicians and biological researchers. A general questionnaire was sent out to all participants, requesting information about the use of ketamine in swine in their facilities. There were a total of 23 respondents. Of the 23 respondents 20 were veterinarians (87%) and 3 were technicians (13%), from 21 academic institutions (92 %). All those surveyed worked with farm pigs and approximately half with miniature SWIne.
Twenty of the respondents (87%) indicated that they used ketamine as a pre-anaesthetic prior to induction of general anaesthesia. Fifteen (65%) used other drugs prior to induction of general anaesthesia with ketamine. These other drugs, in various combinations, included atropine, acepromazine, xylazine, azaperone, midazolam, glycopyrollate or diazepam (Table 1) .
When asked if ketamine was ever used alone for anaesthetic procedures, only 3 (13%) responded positively. All 3 used ketamine for simple chemical restraint, and only 1 respondent indicated that ketamine alone was used for minor surgical procedures such as skin incision or catheterization.
The majority of the respondents -14 (61%) indicated that they combined ketamine with other adjuncts (atropine, acepromazine, midazolam, fentanyl-droperidol) and anaesthetics (xylazine, isoflurane, halothane, pentobarbital, pentothal, or propofol). When used for surgical procedures, ketamine was combined most often with xylazine or acepromazine, or an inhalant such as isoflurane or halothane.
Ketamine was used in combination with other drugs by 10 (n %) of the respondents for simple chemical restraint, by 12 (86%) for minor surgical procedures such as skin incision or catheterization; and by 8(58%) for major surgical procedures involving the thorax or abdomen. For major surgeries, ketamine was used less often. Inhalation or other anaesthetic regimes were preferred.
Those 14 respondents who used ketamine in conjunction with other anaesthetic agents monitored the parameters shown in Table 2 to assess anaesthetic depth.
In post-procedural recovery, the majority of respondents, 21 (92%), monitored animals until they were ambulatory. Thirteen (57%) provided a controlled temperature recovery environment, and 12 (53%) routinely administered analgesic agents following major surgeries, the most often cited analgesic was buprenorphine (10).
Assessment in man
The problem of awareness during anaesthesia has been a significant concern in human Assessment of anaesthetic depth If ketamine is to be used humanely to provide an appropriate depth of anaesthesia, then consideration must be given to methods of assessing anaesthesia in pigs. When attempting to determine whether a specific anaesthetic regimen is suitable for use in a particular procedure, a number of different factors will be considered. These include both the quality of anaesthesia, such as the degree of muscle relaxation, magnitude of respiratory and cardiovascular system depression, and the potential interactions between the anaesthetic regimen and the particular research protocol. In addition, animals are required to be unconscious and free from pain during the procedure. Clearly the degree of analgesia required will vary depending upon the experimental procedure. Lack of awareness of the procedure is regarded as a prime requirement in order to avoid the animal becoming distressed, even though provision of effective analgesia may prevent pain perception. This reasoning is based upon assumptions concerning animal consciousness (Broom & Johnson 1993) , and analogy with human experiences of awareness during anaesthesia (Newton 1994).
Aside from concerns for animal welfare, most research protocols require stable physiological parameters, and the introduction of awareness stress as an uncontrolled variable may adversely affect the animal model. Practical considerations also influence the anaesthetic regimen. Most surgeons require an animal to be immobile and umesponsive to surgical stimuli. This is often achieved by administration of a dose of anaesthetic that will induce loss of consciousness and analgesia. Problems arise, however, when immobility is induced by a neuromuscular blocker. These drugs have no analgesic action and do not produce loss of consciousness (Fahey et a1. 1989) .They do, however, prevent movement in response to painful or other external stimuli. Whelan and Flecknell (1992) , and Newton (1994)). The methods used fall into three main groups: assessment of physical responses such as movement, and of the ability to respond to verbal instructions, assessment of autonomic responses, and use of neuro--physiological measures such as the electroencephalogram (EEGJ,and cortical evoked potentials.
Suppression of movement in response to a painful stimulus has been established as a useful criterion for assessing the relative potency of anaesthetics, and is used to define Minimum Alveolar Concentrationso (MAC) values for volatile anaesthetics, and Minimum Infusion Rateso (MIR) values for intravenous anaesthetics. Although these indices provide useful measures of relative potency, movement and awareness are poorly correlated in humans (Breckemidge & Aitkenhead 1983). As mentioned earlier, use of neuromuscular blockers precludes the use of these criteria. Initially autonomic signs were used to detect light anaesthesia. This concept was developed as the PRST scoring system (Evans & Davies 1984) , based on changes in blood pressure, heart rate, the degree of sweating and tear formation. Unfortunately, autonomic criteria are not always reliable indicators of inadequate anaesthesia, particularly when adequate analgesia may be assumed to be provided by potent opioids (Kenny & White 1994) .
In an attempt to overcome these problems, a number of neurophysiological parameters based on an analysis of the processed EEG have been used successfully to determine depth of anaesthesia, (Rampil & Matteo 1987 / Schwilden 1989 , Schwilden & Stoeckel 1990 , the changes observed vary considerably with different anaesthetics. Auditory, visual and somatosensory cortical evoked potentials have also been investigated as means of determining depth of anaesthesia. Of these, auditory evoked potentials appear to be potentially most useful as a means of assessing depth of anaesthesia, when using a wide range of different anaesthetics (Thornton et al. 1983 (Thornton et al. , 1986 (Thornton et al. / 1988 (Thornton et al. / 1989 .
Assessment in animals
The techniques developed in humans have been used in animals, in an attempt to assess the depth of anaesthesia. Movement responses to determine MAC and MIR have been extensively used, but the location and intensity of the painful stimulus and the nature of the physical response require careful definition. Autonomic responses have been assumed to be of value in animals, but properly validated studies do not appear to have been undertaken. Neurophysiologic parameters have not been applied clinically to any great extent in animals because of the practical difficulties associated with their use.
One fundamental problem is that in animals, unlike humans, it is clearly impossible to determine awareness by questioning the patient, so that the correlation of measures of anaesthetic depth with loss of consciousness remains uncertain. Given the difficulties associated with measurement of anaesthetic depth in humans, and the even greater difficulties in animals, some assumptions must be made in order to provide useful criteria. It seems reasonable to assume that if neuromuscular blockers are not used, then loss of consciousness and umesponsiveness to painful stimuli indicate adequate anaesthesia. However, these criteria do not address the problems raised by drugs such as ketamine. Because of the mode of action of the drug, the animal may not appear unconscious. When used as a mono-anaesthetic, most animals remain responsive to painful stimuli. Even when supplemental analgesia is provided, animals may not appear to lose consciousness, although they clearly have an altered state of awareness.
The workshop participants considered that, given our current state of knowledge concerning awareness during anaesthesia, purposeful movement in response to a painful stimulus must be taken as indicating conscious awareness of pain. Since assessment of the response to a painful stimulus appeared to be the most useful means of assessing anaesthetic depth, a detailed description of this technique is given below.
Anaesthetic depth in animals is assessed by a series of reflex signs. These include the more common palpebral and corneal reflexes, eye rotation and degree of pupil dilation. This report will however concentrate on specific reflexes that should be specifically used when anaesthetizing pigs when using ketamine combinations. The dissociative nature of ketamine anaesthesia makes reflex interpretation difficult and more stringent criteria should be used. The consensus group has therefore attempted to recommend a standard set of reflexes that could be of use.
During the development of anaesthesia pigs first become ataxic and then lose their righting reflex. The animal will then become immobile and unresponsive to non-painful manipulations, for example moving onto the operating table. At this stage, purposeful movement will occur in response to a painful stimulus. The whole body responds to the stimulus, the pig may vocalize and may try to right itself. If sufficient anaesthetic has been administered, anaesthesia will continue to deepen, so that although the animal will still make gross purposeful movements in response to painful stimuli, no vocalization response and no attempts to right itself are made. Further deepening of anaesthesia results in the response to painful stimulation being limited to the region stimulated, for example strong limb withdrawal in response to applying a forceps to a digit (see below), or head shaking and jaw clamping in response to stimulating the nasal septum. Finally, at deep anaesthesia, local movement in response to a painful stimulus is either slight or completely absent. Clearly, it is important to define the painful stimulus quite carefully, because different areas of the body lose their sensitivity to noxious stimuli at different planes of anaesthesia. No formal evaluation of these responses and their relation to unresponsiveness to a particular surgical procedure has been undertaken in the pig, but clinical experience suggests that response to applying a rat tooth forceps to the tail is abolished first, fQllowed by pedal withdrawal, and finally loss bf the response to nasal septum stimulus. The purpose of this assess-213 ment is to predict the absence of response to a surgical stimulus. The intensity of the stimulus for reflex assessment should match the intensity of the surgical stimulus.
In most circumstances, a 15 cm surgical rat tooth forceps (2/1 tip) should be used to apply the stimulus and not the operators' fingers. The region stimulated should be the dew claw, the nasal septum, the lateral lip fold and the anal sphincter. The stimulus should be applied to full pressure to a dew claw, at the level of the coronary band (Fig 1) . The response to clamping across nasal septum, lip fold and perianal zone should be assessed by applying the forceps with moderate pressure to the tissue.
Classification of procedure type and anaesthetic depth in pigs
To avoid confusion with previous attempts to categorize stages of anaesthesia, we have avoided using terms such as Stages 1-4 (GuedelI937), instead, we have chosen a practical scheme based upon the type of experimental procedure.
Type I procedures are non-invasive techniques, such as radiography, MRI scans etc. These procedures need only simple immobilization, no analgesia, and the animal is simply required to lie still and be unresponsive to non-painful stimuli. This level is also appropriate for percutaneous cannulation of superficial vessels which results only in very transient minor pain.
Type II procedures involve surgical intervention, but the degree of surgical stimulation is relatively minor, for example, implantation of subcutaneous devices, or implantation of indwelling vascular catheters requiring surgical exposure of the blood vessel. Type II procedures require the pedal withdrawal response to be slight or absent and the pig should be unresponsive to surgery. This depth of anaesthesia is also usually sufficient for tracheostomy supplemented by local infiltration anaesthesia and endotracheal intubation.
Type ill procedures include all major surgery, for example laparotomy, thoracotomy or orthopaedic surgery, which require deeper anaesthesia. This depth of anaesthesia may also be necessary for painful non-surgical procedures (e.g. production of thermal bums). Onset of this depth of anaesthesia can usually be predicted by assessing the response to clamping the nasal septum. The response to this stimulus should be slight or absent.
It is important to realize that these responses are a guide to the likely response of the pig to the manipulation. If the pig responds to the procedure, the depth of anaesthesia should be increased, either by administration of additional anaesthetics, or supplemented with local or general analgesia.
Recommendations for the use of ketamine in pigs
The following discussion provides a general guide to the anticipated effects of particular doses of ketamine, alone or in combination with other drugs. It was clear from discussions based on the clinical experience of the participants that considerable variation in response occurs among different strains of pigs, and among pigs of different ages. No controlled comparative trials of the effects of ketamine in different strains of pigs appear to have been undertaken, so it is essential that the effects of the doses given in Table 1 and Fig  2 are assessed in the particular strain of pig which is to be used in the research project. As a general guide, the sensitivity to ketamine appears to increase with increasing age, for example neonatal pigs may not be completely immobilized even by high doses of ketamine (30mg/kgi.m.) whereas adult swine will be unresponsive to non-painful stimuli. As with strain variation, it is important to establish the sensitivity of the particular age of pigs being used (Loscher et al. 1990 ).
There are also some important practical points to observe when administering ketamine or ketamine combinations to pigs. Ketamine can be mixed with midazolam or equivalent analogs and administered as a single intramuscular injection (Ganter et al. 1990) . Some commercial preparations of diazepam are unsuitable for mixing with ketamine because of problems of solubility. When administered by the intramuscular route, the usual site of injection is in the neck muscles, in the region overlaid by the ear. This causes less resentment than when injecting into the hind-limb. One problem of administering into the neck muscles is the presence of a thick layer of subcutaneous fat, so a relatively long needle [4cm in a 20-30 kg animal, 7 cm in an adult sow) must be used to ensure that the injection is given into the muscle mass. Alternatively, the injection should be given into the muscle behind the ear, as close as possible to the transition from hairy to hairless skin. Experience shows that the fat layer is at its thinnest at this point, and the muscle closest to the skin.
Combining ketamine with other agents for procedures with differing severity
Given the criteria discussed above ketamine alone will usually result in immobilization for type Iprocedures (Fig21,but some animals may still be responsive to non-painful stimuli. Administration of additional ketamine by intravenous injection will normally provide restraint and increased sedation. If it is intended that the pig will recover from the procedure, the workshop participants considered that the use of ketamine alone was unacceptable because of emergence-like phenomena. Although detailed studies of ketamine mediated emergence phenomena in pigs have not been undertaken, it seems reasonable to interpret the clinical signs commonly seen during recovery as being similar to dysphoria in humans. Several of the consensus participants have had experience of pigs showing 'piglike' hallucinatory behaviour associated with distress and excited behaviour during recovery. It is usually preferable to administer a benzodiazepine, such as midazolam or diazepam, together with ketamine for induction of anaesthesia. If additional ketamine is administered,'then a further dose of benzodiazepine must be administered within one hour of expected recovery in an attempt to obviate distress and potential hallucinatory behaviour (Fig 2) . Responses to the opioids used as adjuncts to ketamine anaesthesia may also be characterized by excitement during the recovery period. Benzodiazepines will assist in controlling this problem.
' . Administration of ketamine in combination with benzodiazepines or other sedatives (dose rates in Fig 21 may induce sufficient depth of anaesthesia for type II procedures, although some individuals may retain responsiveness to pedal withdrawal and require additional analgesia. As outlined in Fig 2, additional analgesia should be provided if required by the use of opioids (e.g. fentanyl) or C(2-agonists(e.g. medetomidine). Addition of a larger dose of an opioid will abolish the response to nasal septum clamping and enable type III procedures to be un:dert~ken. It is important to note that addition of opioids may result in severe· respiratory depression requiring assisted/controlled ventilation.
Using ketamine in prolonged procedures
Some-pmlonged operative procedures will require full surgical anaesthesia for the entire duration of the procedure, as surgical stimuli continue throughout. In these circumstances, the pig requires abolition of the nasal septum response at all times. In contrast, some studies require surgical procedures to modify organ function or implant instrumentation. The surgery phase is completed and the animal monitored under anaesthesia for a prolonged period. Provided continued stimulation at the surgical site is avoided, e.g. by closure of the incisions, or combined with infiltration with a long-acting local anaesthetic (e.g. bupivacainel, deep sedation can be continued with ketamine alone by intravenous administration (Fig 2) , or ketamine combined with a tranquillizer or sedative. During prolonged periods of anaesthesia or deep sedation, it is preferable to position the pig in lateral or sternal recumbency, as this aids in maintaining normal cardiovascular and respiratory function.
It is important to distinguish those prolonged procedures accompanied by conditions giving rise to other, non-surgical, postprocedure pain, e.g. bowel ischaemia models. When continued pain can be anticipated, it is necessary to maintain surgical planes of anaesthesia, and ketamine alone may not be suitable. It must be appreciated that anaesthesia is a dynamic process, and it is possible to change the anaesthetic depth to one appropriate for types I, II and III procedures during prolonged anaesthesia. This enables, for example, deep anaesthesia for a type III procedure, followed by light anaesthesia for type Ii followed by a second period of deep anaesthesia for further type III procedures.
To provide a simple guide to the use of ketamine-based anaesthetic regimens in the pig, a decision tree (Fig 21 has been developed. It should be appreciated that this scheme is designed to provide a practical guide, and takes no account of any specific problems which can be caused by anaesthetic/research protocol interactions. It is critical that a literature review be completed by the investigator to determine the potential interactions between anaesthesia and the aims of the particular study. The potential effects of the surgical stress response on research protocols should also be considered. It is important to appreciate that this critical review may not have been undertaken by other investigators, so reliance on previously published protocols may not be a solution to this problem.
Using ketamine in combination with neuromuscular blockage
The use of neuromuscular blockers places stringent requirements on the part of the investigator. Blocked animals will not be able to respond to reflex evaluation. As discussed above, use of withdrawal responses is not possible after administration of neuromuscular blocker. Although marked autonomic responses (e.g. > 10% increase in heart rate or blood pressure) in response to surgery can indicate inadequate anaesthetic depth, these criteria are not reliable. It should be borne in mind however that the combination of a neuromuscular blocker and profound deep surgical anaesthesia can .lead to potential problems because of depression of cardiovascular and renal £Unctions during lengthy procedures. In humans, it is common practice to decrease the depth of anaesthesia when the patient is paralysed. In animals, problems of assessing anaesthetic depth limit this approach.
whenever possible, administration of the neuromuscular blocker should be delayed until after commencing the surgical procedure. A further safeguard is to avoid continuous infusion of neuromuscular blocker until considerable experience with the anaesthetic regimen and surgiCal procedure has been gained. Instead, the neuromuscular blocker should be administered intermittently, since this allows reassessment of movement responses before blockade is re-established. Reflex responsiveness can be modified following reversal of neuromuscular blockade and care must be taken in interpreting the animal's response under these circumstances.
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Neuromuscular blockade does not need to be maintained throughout most surgical procedures. By avoiding unnecessary use of neuromuscular blockers, the difficulties of assessing anaesthetic depth are avoided. Neuromuscular blockers are not necessarily required for intubation, intermittent positive pressure ventilation (IPPV), nor for thoracotomy per se, but they can improve surgical access and decrease tissue trauma in procedures requiring extensive tissue retraction, thus reducing post-surgical pain. Post-surgical pain management is an important issue. Successful post procedure recovery is dependent on rapid restitution of normal appetite, active movement etc. The disadvantages of using neuromuscular blockers should therefore be weighed against improved postsurgical pain management. Although changes in heart rate and blood pressure may not necessarily occur in response to pain perception, increases of more than 10% in heart rate and blood pressure should normally be interpreted as signs of inadequate analgesia. Acute non-survival procedures should preferably be performed without the use of a neuromuscular blocker.
Recovery period
During recovery from ketamine anaesthesia, the pig should be placed in a quiet, warm area and the body temperature monitored to detect hypo-or hyperthermi~. If a f..l opioid has been used as part of the anaesthetic regimen, residual respiratory depression can be antagonized using mixed agonist/antagonist opioids such as buprenorphine or nalbuphine. This has the advantage that postoperative analgesia is maintained (Flecknell et al. 1989) . If an cx2-agonisthas been used, this can be antagonized if necessary using a specific antagonist such as atipamezole, but under these circumstances supplemental analgesia will be required after invasive surgical procedures. Benzodiazepine antagonists should not be used because of emergence (hallucinatory) phenomena associated with ketamine anaesthesia. The same would apply to antagonism of other adjuncts to ketamine anaesthesia (cx2-agonists,opioidsl. Residual respiratory depression can also be seen in animals which have been subjected to neuromuscular blockade. Such animals should always be tested with peripheral nerve stimulation prior to the end of the postoperative monitoring period.
Postoperative pain relief is essential after invasive surgical procedures, and reference should be made to the guidance given in a number of recent publications (AVTRW 1986, ILAR 19921. 
